The guinea pig estrogen sulfotransferase gene has been cloned and compared to three other cloned steroid and phenol sulfotransferase genes (human estrogen sulfotransferase, human phenol sulfotransferase, and guinea pig 3av-hydroxysteroid sulfotransferase). The four sulfotransferase genes demonstrate a common outstanding feature: the splice sites for their 3'-terminal exons are identically located.
constitutes the N-terminal glycine of an invariably conserved GXXGXXK motif present in all steroid and phenol sulfotransferases for which primary structures are known. This consistency strongly suggests that all steroid and phenol sulfotransferase genes will be similarly spliced. The GXXGXXK motif forms the active binding site for the universal sulfonate donor 3'-phosphoadenosine 5'-phosphosulfate. Amino acid sequence alignment of 19 cloned steroid and phenol sulfotransferases starting with the GXXGXXK motif indicates that the 3'-terminal exon for each steroid and phenol sulfotransferase gene encodes a similarly sized C-terminal fragment of the protein. Interestingly, on further analysis of the alignment, three distinct amino acid sequence patterns emerge. The presence of the conserved functional GXXGXXK motif suggests that the protein domains encoded by steroid and phenol sulfotransferase 3'-terminal exons have evolved from a common ancestor. Furthermnore, it is hypothesized that during the course of evolution, the 3'-terminal exon further diverged into at least three sulfotransferase subdivisions: a phenol or aryl group, an estrogen or phenolic steroid group, and a neutral steroid group.
Sulfoconjugation is a major biotransformation step for many endogenous low molecular weight compounds such as catecholamines and steroids (1) . These reactions involve enzymes termed sulfotransferases that are normally found in the soluble fraction of tissue preparations (2) . Sulfonation involves the transfer of a sulfonate (SOG3) group from 3'-phosphoadenosine 5'-phosphosulfate (PAPS), the universal sulfonate donor in mammals, to an hydroxyl acceptor site (3) . A putative nucleotide binding motif containing the sequence GXXGXXK, first noted in N-heparan sulfate sulfotransferase (4), has been found in a highly conserved C-terminal region of all steroid and phenol sulfotransferases for which primary structures are known (5) . This motif, which contains a glycine-rich region followed by a conserved lysine, is significantly similar to the P-loop, a nucleotide binding motif described for ATP-and GTP-binding proteins (6) . Recently, mutational analyses involving guinea pig estrogen sulfotransferase (gpEST) strongly support the hypothesis that the GXXGXXK motif found in all cloned sulfotransferases constitutes, at least in part, the PAPS binding site for these enzymes (5) . Interestingly, as reported herein, cloning the structural gene for gpEST has revealed not only that the 3'-terminal exon encodes the uniformly conserved GXXGXXK motif but also that the splice site occurs at the codon for the N-terminal glycine residue of the motif. Furthermore, this site has been found to be identical in three other members of the steroid and phenol sulfotransferase family of genes.
MATERIALS AND METHODS
Genomic Library Screening. A guinea pig genomic library prepared from kidney DNA in A FIX II (Stratagene) was screened by plaque hybridization with a 32P-labeled probe prepared by random priming with a 969-nt Dde I digest of gpEST cDNA (7) . Four positive recombinants were isolated from three screenings of 1.5 x 106 original clones. The four positive clones, however, did not contain cDNA sequence covering a region 187-453 nt downstream from the initiation codon. Therefore, mononuclear-cell DNA prepared from guinea pig peripheral blood by using a QIAmp blood kit (Qiagen, Chatsworth, CA) was used as a template to amplify the missing intronic and exonic DNA. Polymerase chain reaction (PCR) was performed by using a set of primers spanning the missing region: a sense primer (5'-ACCAGTC-CGGCTTAGTCAATG-3') and an antisense primer (5'-GAACTAGCCAGCAAGGCTTTC-3') located in the second and fifth introns, respectively. DNA Sequencing. The genomic clones and the PCR product containing sequence not covered by the clones were sequenced by using the ATaq cycle sequencing kit (United States Biochemical) without subcloning. The DNA sequence for a 3-kb region covering the 5' flanking region of gpEST has been reported (8) .
Intron Size Determination. To determine intron sizes, DNA extracts from the isolated genomic clones and peripheral blood mononuclear cells were used as a template to amplify the introns by PCR with primer pairs from adjacent exons. Intron sizes were estimated on agarose gels and, in some cases, confirmed by sequencing. 
8176
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (Fig. 1) . The location of the exon-intron junctions was ascertained by sequence comparison to gpEST cDNA (7). The splice junction donor/acceptor patterns were found to be in keeping with the consensus sequences determined by Mount (9) . Exon Biochemistry: Chiba et aL GXXGXXK motif and extending to the C terminus, amino acid sequence alignment reveals that this region of the steroid and phenol sulfotransferase proteins consists of 37 amino acids with the sole exception of guinea pig 3a-hydroxysteroid sulfotransferase, which contains 39 amino acids. In the discussion to follow, when an exception is noted it means that there is but a single amino acid difference within a group at a specific residue location. For example, when considering amino acid identities for all 19 sulfotransferases listed in Fig. 2 , it will be noted that the amino acid located 10 residues downstream from the splice-site glycine is a threonine for 18 of the 19 members with a proline being the sole exception. The overall amino acid identities for the 19 sulfotransferases equal just 35% (with four exceptions); however, identities in the first one-third of the sequence containing the GXXGXXK motif increase to about 70%. Unexpectedly, the amino acid sequence alignment further reveals that the steroid and phenol sulfotransferases can be subdivided into three groups designated estrogen/phenol sulfotransferase group I (identities = 100% with just two exceptions) (Fig. 24) , estrogen/phenol sulfotransferase group II (identities = 49% with four exceptions) (Fig. 2B) , and a neutral steroid sulfotransferase group (identities = 76% with four exceptions) (Fig. 2C) . It should be noted that estrogen/phenol sulfotransferase group I consists of only human proteins, in contrast to the other two groups. It is also noteworthy that, whereas human placental EST segregates into estrogen/phenol sulfotransferase group I (Fig. 2A1) , human liver EST clearly segregates into estrogen/phenol sulfotransferase group II (Fig. 2B) . In this region of the protein, as for the entire protein structure, human liver EST is clearly more related to gpEST (identities = 84%), bovine placentat EST (identities = 73%), and rat liver EST (identities = 72%) than to human placental EST (identities = 49%).
Although it is seemingly difficult to understand why the two human ESTs from placenta and liver are so different, we suggest the following explanation from analysis of the se- Human placenta EST quence alignment. Since human liver EST clearly aligns with rat, bovine, and guinea pig EST, the latter having been carefully characterized (29) , it probably represents the true human EST. On the other hand, since human placental EST completely aligns with the various forms of human phenol-(aryl) sulfotransferases, it may represent a nonspecific phenol sulfotransferase that can also act on phenolic steroids rather than a specific EST. It should be noted that, while both human placental and liver ESTs have been expressed, neither expressed protein was carefully analyzed. If this conclusion has validity, then estrogen/phenol sulfotransferase group I (Fig.  2,4 ) may simply represent a phenol or aryl sulfotransferase group, while estrogen/phenol sulfotransferase group II (Fig.  2B) , which is clearly distinct from group I, may represent an EST group. For confirmation, this proposal requires that all the cDNAs in the groups be expressed and all proteins be characterized with regard to substrate specificity and kinetics, as has been done for gpEST (29) . Neither rat liver nor mouse liver phenol sulfotransferase, which best segregate to estrogen/phenol sulfotransferase group II, has been expressed. Thus, while group A (phenyl sulfotransferase) and group C (neutral steroid sulfotransferase) in Fig. 2 are clearly distinct groups, group B (EST) is admittedly less so, although human liver, guinea pig, and bovine placental ESTs are highly homologous as a subgroup. Although this analysis must be regarded as tentative until more precise experimental data have accumulated, the amino acid alignments, nevertheless, remain a striking finding. The conserved GXXGXXK motif is similar to a phosphatebinding loop (P-loop) motif, a structural element consisting of a glycine-rich sequence followed by a conserved lysine that is commonly found in ATP-and GTP-binding proteins (6) . By accepting that the presence of this functional motif characterizes families of proteins that have diverged from a common ancestor (6) (22) NHFTVAQAEDFDKLFQEKMADLPRELFPWE (23) NHFTVAQAEDFDKLFQEKMADLPRELFPWE (24) NHFTVAQAEAFDKVFQEKMAGFPPGIFPWE (25) NHFTVSQAEAFDKVFQEKMAGFPPGMFPWE (26) NHFTVAQAEAFDKVFQEKMAGFPPGMFPWD (27) NHFTVAQAEAFDKIYQEKMAGYPPKLFSWEEC ( Biochemistry: Chiba et aL the protein domain containing the PAPS-binding motif encoded by the 3'-terminal exon of steroid and phenol sulfotransferases evolved from a common ancestor; furthermore, we suggest that during the course of evolution the exon further diverged into at least three sulfotransferase subdivisions: a phenol or aryl group, an estrogen or phenolic steroid group, and a neutral steroid group. It is conceivable that, as more genes of this large sulfotransferase family are cloned and their proteins are rigorously characterized with regard to substrate specificity and kinetics, additional subdivisions might be found. Finally, we theorize that, in addition to the GXXGXXK motif for binding the sulfonate donor PAPS, other specific residues in the protein domain encoded by the 3'-terminal exon are involved, at least in part, in the interaction with the sulfonate acceptor substrate, a conclusion for which there is experimental support (W. J. Driscol, K.K., and C.A.S., unpublished data).
Note. Since our manuscript was submitted for publication, two additional sulfotransferase gene cloning papers (30, 31) have come to our attention that are consistent with the 3'-terminal exon splice site involving the N-terminal glycine of the GXXGXXK P-loop motif.
